Objectives: Cardiogenic shock following cardiopulmonary resuscitation for sudden cardiac arrest is common, occurring even in the absence of acute coronary artery occlusion, and contributes to high rates of postcardiopulmonary resuscitation mortality. The pathophysiology of this shock is unclear, and effective therapies for improving clinical outcomes are lacking. Design: Laboratory investigation. Setting: University laboratory. Subjects: C57BL/6 adult female mice. Interventions: Anesthetized and ventilated adult female C57BL/6 wild-type mice underwent a 4, 8, 12, or 16-minute potassium chlorideinduced cardiac arrest followed by 90 seconds of cardiopulmonary resuscitation. Mice were then blindly randomized to a single IV injection of vehicle (phosphate-buffered saline) or suppressor of site I Q electron leak, an inhibitor of superoxide production by complex I of the mitochondrial electron transport chain. Suppressor of site I Q electron leak and vehicle were administered during cardiopulmonary resuscitation. Measurements and Main Results: Using a murine model of asystolic cardiac arrest, we discovered that duration of cardiac arrest prior to cardiopulmonary resuscitation determined postresuscitation success rates, degree of neurologic injury, and severity of myocardial dysfunction. Post-cardiopulmonary resuscitation cardiac dysfunction was not associated with myocardial necrosis, apoptosis, inflammation, or mitochondrial permeability transition pore opening. Furthermore, left ventricular function recovered within 72 hours of cardiopulmonary resuscitation, indicative of myocardial stunning. Postcardiopulmonary resuscitation, the myocardium exhibited increased reactive oxygen species and evidence of mitochondrial injury, specifically reperfusion-induced reactive oxygen species generation at electron transport chain complex I. Suppressor of site I Q electron leak, which inhibits complex I-dependent reactive oxygen species generation by suppression of site I Q electron leak, decreased myocardial reactive oxygen species generation and improved postcardiopulmonary resuscitation myocardial function, neurologic outcomes, and survival. Conclusions: The severity of cardiogenic shock following asystolic cardiac arrest is dependent on the length of cardiac arrest prior to cardiopulmonary resuscitation and is mediated by myocardial stunning resulting from mitochondrial electron transport chain complex I dysfunction. A novel pharmacologic agent targeting this mechanism, suppressor of site I Q electron leak, represents a potential, practical therapy for improving sudden cardiac arrest resuscitation outcomes. (Crit Care Med 2020; 48:e133-e140) 
been demonstrated to increase survival, but its effectiveness deteriorates within minutes if its initiation is delayed (2, 3) . Delayed CPR is common and often associated with cardiogenic shock resulting in hemodynamic instability and poor neurologic outcomes (4) . The severity of post-CPR shock may also contribute to the extent of neurologic outcomes in surviving patients (5) . Post-CPR cardiogenic shock occurs even in the absence of acute coronary artery occlusion and is a component of the "post-CA syndrome" (5, 6) . The pathophysiology of post-CPR cardiogenic shock is unknown, and effective therapies are lacking.
Myocardial ischemia of short duration followed by adequate coronary flow restoration results in reversible myocardial dysfunction without necrosis. This cardiac pathology is termed "myocardial stunning" (7, 8) . It was originally used to describe regional non-infarcted ventricular wall movement abnormalities, following brief coronary artery occlusion/reperfusion injuries, but has since been used to describe patients experiencing cardiogenic shock after percutaneous coronary artery intervention and cardiopulmonary bypass surgery (9, 10) . Myocardial stunning is not commonly recognized as mediating post-CPR shock, and although it has been described in the setting of ventricular fibrillation-induced CA (8, 11) , it has not been studied in other forms of CA, such as asystolic CA. Furthermore, the molecular mechanisms mediating myocardial stunning are unknown because it has been described as "lacking clinical relevance" (9) .
Myocardial mitochondria occupy one third of the heart's volume and are central regulators of calcium, reactive oxygen species (ROS), and metabolism. Mitochondria are dynamic organelles undergoing regulated fusion (joining) and fission (dividing) events (12, 13) . Our group was the first to demonstrate evidence of mitochondrial fission following CA, its mediation of myocardial dysfunction through fission-induced ROS generation (14) . In addition to mitochondrial fission, the accumulation of succinate during cellular ischemia results in increased electron leak and generation of superoxide and/ or hydrogen peroxide (H 2 O 2 ) (15, 16) . Limiting electron leak and ROS generation using inhibitors of mitochondrial electron transport during ischemia/reperfusion (IR) have shown promise, but their utility is limited by their negative effects on metabolism (17) (18) (19) .
Recently, Brand et al (16) have identified compounds that protect against H 2 O 2 production induced by electron leak at sites I Q (the ubiquinone-binding site of complex I, the active site during reverse electron transport), II F (the flavin site of complex II), or III Q0 (the outer ubiquinone-binding site of complex III) in isolated skeletal muscle. One compound, the suppressor of site I Q electron leak (S1QEL), limited ROS generation at complex I without affecting normal electron transport. S1QEL also attenuated oxidative damage in several cell types while limiting infarct size in Langendorff-perfused mouse hearts. In this study, we hypothesized that the severity of cardiogenic shock following CPR is dependent on the length of CA and by virtue of lacking myocardial necrosis, is reversible, consistent with myocardial stunning. Furthermore, we hypothesized that myocardial stunning is mediated by increased mitochondrial complex I ROS generation and that its therapeutic targeting by S1QEL could improve postresuscitation outcomes. Findings in this study support the hypothesis and suggest that S1QEL has potential as a therapeutic agent to improve outcomes in CA.
MATERIAL AND METHODS

CA Mice Model
Asystolic CA was induced in adult (age, 6-8 mo; 20-30 g) retired breeder female C57BL/6 mice as previously described (14) . Briefly, mice were anesthetized (3% vaporized isoflurane) and instrumented. Asystolic CA was induced by 0.08 mg/g potassium chloride injection via the jugular vein. Following 12 minutes of CA, the ventilator was reconnected and manual chest compression was performed at a rate of 350~400 beats/min. After 90 seconds of CPR, 1.5 μg of epinephrine was injected. The CA protocol used in this study is illustrated in Supplemental Figure  1 Neurologic Scoring of Animals. Neurologic deficits after CA (2, 6, 24, 48 , and 72 hr) in mice were determined using a 12-point mouse neurologic scoring system (20) . Scores ranged from 0 (no response or worst) to 2 (normal) along six domains: paw pinch, righting reflex, breathing, spontaneous movement, motor-global, and motor-focal. The scores for each of the six domains were determined in a blinded fashion and summed to achieve the neurologic score.
Mitochondria Isolation. Mitochondria were obtained from post-CA hearts as previously described (13) . Briefly, hearts from Sham and post-CA mice were collected at 15 minutes after CPR, then minced and incubated with trypsin before homogenization with a glass/teflon Potter Elvehjem homogenizer (Fisher Scientific, Hanover Park, IL). Heart homogenates were centrifuged at 800g × 5 minutes at 4°C and the supernatant collected and centrifuged at 8,000g × 5 minutes at 4°C twice to obtain purified cardiac mitochondria. See the supplemental methods (Supplemental Digital Content 1, http://links.lww. com/CCM/F61) for further details.
Mitochondrial Permeability Transition Pore Opening
Mitochondrial permeability transition pore (mPTP) opening induced by calcium was determined in freshly isolated cardiac mitochondria (13) . The absorbance was continuously measured using a Cytation 3 (BioTek, Winooski, VT) 96-well plate reader at 540 nm. Additional details are described in the supplemental methods (Supplemental Digital Content 1, http:// links.lww.com/CCM/F61).
Complex I Enzyme Activity
Complex I activity was measured using an enzyme activity dipstick assay (Abcam, Cambridge, MA) following the www.ccmjournal.org e135 manufacturer protocol. In principle, immunocaptured Complex I oxidizes nicotinamide adenine dinucleotide, reduced form (NADH) and the resulting hydrogen ion (H+) reduces nitrotetrazolium blue (NBT) to form a blue-purple precipitate at the complex I antibody line on the dipstick immersed in complex I activity buffer containing NADH (substrate) and NBT (electron acceptor). The signal intensity of this precipitate corresponds to the level of complex I enzyme activity (blue band) in the sample. The intensity was analyzed by using Fiji 6 (National Institutes of Health, Bethesda, MD).
Superoxide-H 2 O 2 Production in Cardiac Mitochondria
To induce H 2 O 2 production from site I Q in cardiac mitochondria, 20-mM glycerol 3-phosphate was added to isolated mitochondria (1 μg/100 μL) in respiration medium with 50-μM Amplex Red and 2-mU/mL horseradish peroxidase (Thermo-Fisher, Waltham, MA) (16) . Fluorescence was monitored using a microplate reader (SpectraMax iD3; Molecular Devices, Sunnyvale, CA) for excitation at 540 nm and emission detection at 590 nm at 37°C after 30 minutes incubation.
Seahorse Measurement of Mitochondrial Oxygen Consumption Rates
Isolated mitochondria (1 μg/100 μL) from the hearts of Sham and post-CPR mice were suspended in 24-well plates. Oxygen consumption rates (OCRs) were determined using the Seahorse XF24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA), as previously described (21) . Complex I OCR was measured using the substrates 10-mM pyruvate + 2-mM malate. Complex II OCR was measured using the substrate 10-mM succinate and an inhibitor of reverse electron flow, 2-µM rotenone. Additional details are described in the supplemental methods (Supplemental Digital Content 1, http://links.lww.com/CCM/F61).
Statistics
Comparisons between groups containing normally distributed data were made using analysis of variance with Tukey test or the Student t test. Mann-Whitney U test and Kruskal-Wallis test were applied for nonparametric statistics. The survival curves were compared using a log rank (Mantel Cox) test. Analysis was performed using Prism software (Graph Pad, La Jolla, CA). Data were presented as mean ± sem. Values of p less than 0.05 were considered statistically significant.
Supplemental Methods
Details regarding mouse echocardiography and different staining methods are provided in the supplemental methods (Supplemental Digital Content 1, http://links.lww.com/CCM/F61).
RESULTS
CA Duration Determines Post-CPR Myocardial Dysfunction and Resuscitation Outcomes
Using our previously established model of induced asystolic CA, we investigated the effects of cardiac duration on resuscitation outcomes (14) . Baseline characteristics of the mice and CPR quality were recorded (Supplemental Fig. 1, A and B) . Post-CPR myocardial dysfunction was proportional to the duration of CA (fractional shortening at 15 min post-ROSC: 35% ± 2%, 33% ± 1%, 24% ± 3%, 16% ± 1%, and 9% in sham, 4, 8, 12, and 16-min group, respectively; Fig. 1C ) and predicted survival 2 hours after ROSC (Fig. 1D) . CA duration also correlated strongly with the severity of neurologic injury over 72 hours after ROSC (Fig. 1E) . Despite being severely depressed during the first 6 hours following ROSC, myocardial function gradually improved to near-baseline measurements over the following 72 hours (fractional shortening at 72 hr post-ROSC: 41% ± 1% in sham, 39% ± 2% in 12-min group; Fig. 1F ). These data are consistent with clinical observations, which show that post-CPR outcomes worsen as a function of CA duration (2, 6) and that post-CPR myocardial dysfunction recovers over time (22) .
Post-CPR Myocardial Dysfunction Is Consistent With Myocardial Stunning
Next we sought to determine whether post-CPR myocardial dysfunction was the result of cardiomyocyte cell death. Tetrazolium staining and histologic examination revealed no evidence of myocardial necrosis (Fig. 2, A and B) , whereas terminal deoxynucleotidyl transferase dUTP nick-end labeling staining and cluster of differentiation 31 staining showed no evidence of cardiomyocyte apoptosis or endothelial cell loss (Fig. 2, C and D; and Supplemental Fig. 2 , Supplemental Digital Content 1, http://links.lww.com/CCM/F61). Increased sensitivity to mPTP opening which is associated with myocardial infarction was not observed in mitochondria isolated 15 minutes following ROSC compared with shams ( Fig. 3A) . However, time-dependent increases in ROS were measured in post-CA tissue ( Fig. 3B) and mitochondria ( Fig. 3C ) compared with shams ( Supplemental Fig. 3 , Supplemental Digital Content 1, http://links.lww.com/CCM/F61). In addition, complex I activity reduced in post-CA mitochondria compared with shams ( Fig. 3D) . Together, these observations indicate that post-CA myocardial dysfunction is associated with post-CPR mitochondrial ROS and mitochondrial dysfunction.
Mitochondrial Injury and Complex I and II Function Following Successful CPR
We next measured mitochondrial oxygen consumption in isolated mitochondria from post-CA and sham mice to further characterize post-CA mitochondrial dysfunction. Following the administration of adenosine diphosphate (ADP) to induce mitochondrial respiration, OCRs (Fig. 4, A and B) increased as expected in both post-CPR mitochondria and sham mitochondria (919 ± 55 vs 729 ± 57 pM/min). Paradoxically, these increases were greater in the damaged post-CPR mitochondria than in the sham mitochondria but occurred in the context of increased www.ccmjournal.org February 2020 • Volume 48 • Number 2 mitochondrial proton leak (241 ± 16 vs 154 ± 9 pM/min; Fig. 4E ), suggesting that ADP-stimulated increases in OCR were reflective of increased ROS production rather than that of ATP production. Further evidence of post-CPR mitochondria damage was the depressed OCR observed upon maximal OCR respiration stimulated by the uncoupler carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP) (1,547 ± 97 vs 2,127 ± 86 pM/min in sham; Fig. 4D ) and decreases in mitochondrial efficiency of oxygen consumption based on state 3/state 4 ratios following CA compared with sham (3.7 ± 0.4 vs 6.3 ± 0.4; Fig. 4C ). These results are consistent with the decreased complex I activity measured directly from cardiac mitochondria after CA and further demonstrate the association of mitochondrial injury at complex I following post-CA resuscitation (Fig. 3D ). Similar to complex I, experiments designed to measure OCR at complex II found decreases OCR in post-CPR mitochondria stimulated by Fig. 4E ). These experiments demonstrate that mitochondrial injury occurs following CA resuscitation and that complex I injury differs fundamentally from complex II injury suggesting increased ROS production from this site.
Inhibition of Complex I-Specific Superoxide Generation Reduces Myocardial Stunning and Improves Post-CPR Survival
Because our results were indicative of increased ROS production from complex I following CA resuscitation, we next investigated whether a site-specific complex I superoxide inhibitor S1QEL would improve post-CPR outcomes. In dose-response trials, we found that a 10 μM of S1QEL was sufficient to inhibit H 2 O 2 production in isolated mitochondria induced by 5-mM succinate at site I Q (Fig. 5A) , while having no observable effects on cardiac function, neurological scores, or survival in normal mice (Supplemental Fig.  5A-C , Supplemental Digital Content 1, http://links.lww.com/ CCM/F61). We next tested the effects of blinded, randomized administration of S1QEL or phosphate-buffered saline at the initiation of CPR (Supplemental Fig. 1 , Supplemental Digital Content 1, http://links.lww.com/CCM/F61). Baseline animal characteristics and CPR quality were similar in both groups (Supplemental Table 2 , Supplemental Digital Content 1, http://links.lww.com/CCM/F61). S1QEL (10 μM) reduced ROS production 15 minutes post-CA ( Fig. 5B) and increased the ROSC rate without altering the CPR time to ROSC (Fig.  5C) . S1QEL was associated with improved post-CPR myocardial contractility, neurologic function, and overall survival (fraction shortening at 2-hr post-CPR: 26% ± 2% vs 18% ± 1%; neurologic score at 72-hr post-CPR: 9.5 ± 1.0 vs 4.9 ± 1.4; survival rate at 72-hr post-CPR: 74% vs 30%; Fig. 5D-F) . The beneficial effects of S1QEL occurred in a dose-dependent manner (Supplemental Fig. 6 , Supplemental Digital Content 1, http://links.lww.com/CCM/F61) although S1QEL did not improve the outcomes following prolonged CA (16min CA) (Supplemental Fig.  7 , Supplemental Digital Content 1, http://links.lww.com/ CCM/F61).
DISCUSSION
In this study, we have made "three key findings." First, post-CPR myocardial dysfunction following asystolic CA is due to myocardial stunning rather than myocardial necrosis ( Figs. 1 and 2) . Although myocardial stunning is typically associated with ventricular wall movement abnormalities following brief coronary occlusion/reperfusion, our study demonstrates that stunning can occur in the context of global cardiac IR injury, which is experienced by patients resuscitated from CA. Myocardial dysfunction following induced asystolic CA has been described previously by our laboratory and others (14, 18) , but in this study, we demonstrate for the first time in an asystolic CA model that post-CPR myocardial dysfunction is dependent on the length of arrest, not associated with myocardial necrosis/apoptosis, and is reversible, consistent with myocardial stunning. This stunning is similar to that previously reported in the setting of ventricular fibrillation in other animal models (8, 11) . Findings of myocardial stunning described in our study and others are also consistent with reports of early recovery of myocardial function in survivors following CA in several clinical studies (23, 24) . Importantly, our study demonstrates that the severity of myocardial stunning is determined by the length of CA which is related to ROSC rates and survival. Stunning is a key determinant of early post-CPR mortality and is clinically relevant. Understanding the pathophysiology of stunning is of great translational relevance in the setting of post-CA resuscitation.
Second, we discovered that post-CPR myocardial stunning occurs in the context of mitochondrial injury at complex I and II, resulting in a paradoxical increase in oxygen consumption at electron transport chain (ETC) complex I (Fig 4; and Supplemental Fig. 4 , Supplemental Digital Content 1, http:// links.lww.com/CCM/F61). As expected, the reduced maximal OCR at complex I and II and the decreased complex I activity were observed, supporting the finding of complex I injury following CA (Fig. 3D) . Mitochondrial injury following post-CA resuscitation has been reported previously (25) , but our unexpected observations of increased OCR with ADP administration and increased proton leak at complex I suggest that complex I could be the site of increased ROS in post-CPR ventricular tissue and mitochondria. These observations are consistent with prior reports of complex I injury associated with increased oxygen consumption and ROS generation after prolonged cardiac ischemiareperfusion (18, 26, 27) . The ROS generated following CPR in our study was not sufficient to generate opening of the mPTP but could be responsible for the observed post-CPR myocardial dysfunction given that superoxide has been demonstrated to reduce myocardial filament contractile activity in vitro in a doseresponsive manner (28) .
Third, we determined that S1QEL, a site I Q -specific H 2 O 2 production suppressor, limited ROS generation and neurologic injury while improving ROSC rate, It is well known that myocardial IR injury increases ROS generation and that targeting complex I-mediated ROS generation during reperfusion has therapeutic utility (9, 17, 18) . However, a major limitation of these approaches is that they not only reduce ROS production but also limit electron flow through ETC thus disrupting normal mitochondrial function to a significant degree. Brand et al (16) have shown S1QEL overcomes these limitations and has protective effects against oxidative damage, endoplasmic reticulum stress and IR injury in the isolated perfused heart in a Langendorff preparation. To our knowledge, S1QEL has not been studied previously in vivo in mammals. Here, we show that S1QEL improves post-CPR mitochondria function resulting in reduced ROS generation and improved cardiac, neurologic, and survival outcomes in a mouse CA model. Our work has translational significance because S1QEL was administered at the time of CPR initiation and limited the effects of reperfusion injury following CA. Future research into agents that can be administered to patients by paramedics in the field to limit post-CPR reperfusion injury could represent a major advance in the caring of post-CA patients.
Our study has several limitations. First, our study was performed in a murine model of asystolic CA. Although this model has several advantages, including the ability to perform survival outcome studies and cost, our findings on the efficacy of S1QEL on myocardial function could benefit from study in other models of CA. Second, our study was not designed to determine the mechanism of S1QEL's neuroprotective effects. It is possible that S1QEL could have had direct effects on brain ischemia-reperfusion injury although it is unknown if it is able to cross bloodbrain barrier. Additional experiments will be needed to address the effects of S1QEL specifically on post-CPR neurologic injury. transport) electron leak (S1QEL) reduces postcardiopulmonary resuscitation (CPR) myocardial stunning and improves post-CPR resuscitation outcomes. A, Effects of S1QEL (0.1, 1, and 10 μM) on succinate-induced H 2 O 2 production at site I Q of complex I post cardiac arrest (CA). n = 16, 16, 22, and 16, respectively. ***p < 0.001 versus CA group. B, Images and bar graph show that MitoSox staining in the heart tissue following CPR with and without S1QEL. n = 9, 10, and 8, respectively. *p < 0.05; ***p < 0.001 versus sham. ##p < 0.01 versus CA group. C, Return to spontaneous circulation (ROSC) following 12 min of CA and CPR time to ROSC with S1QEL and controls. n = 53, 39, respectively. D, Left ventricular fractional shortening following 12-min CA with S1QEL and controls. n = 10, 8, respectively. E, Neurologic scores in mice following CA with S1QEL and controls. n = 14, 17, respectively. F, Survival curve following CA with S1QEL and controls. S, S1QEL; n = 53, 39, respectively. *p < 0.05; **p < 0.01; ***p < 0.001 versus CA group. ROS = reactive oxygen species.
SUMMARY
In conclusion, post-CPR cardiogenic shock reflects ischemia/ reperfusion-induced myocardial stunning, the severity of which depends upon the length of cardiac standstill prior to CPR. This stunning can occur following asystolic CA or following arrhythmogenic-induced CA (8, 11) . Myocardial stunning is associated with a pattern of mitochondrial injury indicative of increased mitochondrial ROS generation at complex I. Targeting mitochondrial complex I ROS in the setting of post-CPR with specific inhibitors of electron leak (S1QEL) represents a novel, practical strategy to improve post-CPR resuscitation outcomes.
